Mismatch repair (MMR)-deficient cancers accumulate multiple insertion/deletion mutations at coding microsatellites (cMS), which give rise to frameshift peptide neoantigens. The high mutational neoantigen load of MMR-deficient cancers is reflected by pronounced anti-tumoral immune responses of the host and high responsiveness towards immune checkpoint blockade. However, immune evasion mechanisms can interfere with the immune response against MMR-deficient tumors. We here performed a comprehensive analysis of immune evasion in MMR-deficient colorectal cancers, focusing on HLA class I-mediated antigen presentation. 72% of MMR-deficient colorectal cancers of the DFCI database harbored alterations affecting genes involved in HLA class I-mediated antigen presentation, and 54% of these mutations were predicted to abrogate function. Mutations affecting the HLA class I transactivator NLRC5 were observed as a potential new immune evasion mechanism in 26% (6% abrogating) of the analyzed tumors. NLRC5 mutations in MMR-deficient cancers were associated with decreased levels of HLA class I antigen expression. In summary, the majority of MMR-deficient cancers display mutations interfering with HLA class I antigen presentation that reflect active immune surveillance and immunoselection during tumor development. Clinical studies focusing on immune checkpoint blockade in MSI cancer should account for the broad variety of immune evasion mechanisms as potential biomarkers of therapy success.
Introduction
DNA mismatch repair (MMR) deficiency is responsible for around 15% of colorectal cancers. MMR-deficient cancers accumulate insertion and deletion mutations in short repetitive sequence stretches called microsatellites, leading to microsatellite instability (MSI) phenotype. 1 MSI tumors occur as sporadic cancer or in the context of Lynch syndrome, which is caused by germline mutations of the MMR genes.
2 MMR deficiency-induced insertion/deletion mutations in coding microsatellites (cMS) have been identified as the mechanism underlying the high immunogenicity of MSI cancers. These cMS mutations lead to a high load of frameshift peptide (FSP) neoantigens, which can encompass multiple HLA class I and II epitopes and elicit pronounced immune responses of the host. 3 These immune responses manifest for example through a dense infiltration with cytotoxic CD8T cells, which is the hallmark of MSI tumors. 4, 5 Clinically, the pronounced immunogenicity of MSI tumors is of high relevance, because MSI tumor patients respond particularly well to treatment with immune checkpoint blockade. [6] [7] [8] The recent success of immune therapy against MSI cancer has also raised the question, which patients are likely to benefit from therapy and whether there are predictive markers that allow tailored application of immune checkpoint blockade. As one-third to half of MSI tumor patients do not show benefit from immune checkpoint blockade, the availability of predictive markers would significantly reduce unnecessary side effects and therapy costs. 9 One possible reason why MSI tumor patients do not respond to immune checkpoint blockade is tumor immune evasion. It has been known for a long time that MSI tumors frequently present with alterations that lead to a breakdown of HLA class I and HLA class II-mediated antigen presentation (For a review, see ref. 10 ). The most frequent and best characterized mechanism of immune evasion of MSI cancer cells are mutations of the Beta2-microglobulin (B2M) gene. [11] [12] [13] Mutations in B2M lead to a complete loss of HLA class I antigen expression on the cell surface. 14 It has recently been demonstrated that B2M mutations particularly occur in MSI tumors growing out in an environment of activated T cells, supporting the hypothesis that B2M mutations develop as an immune evasion mechanism and a result of immune selection. presentation has been discussed as a possible mechanism leading to secondary resistance of MSI cancers against immune therapy, 17, 18 in analogy to melanoma patients, where B2M mutations have been found in patients treated with adoptive T cell transfer or immune checkpoint blockade. 19, 20 However, B2M mutations only occur in about 30% of MSI cancers and cannot explain tumor outgrowth and immune evasion in all MSI cancer patients. 13, 17 In the present study, we therefore aimed at a more comprehensive characterization of immune evasion phenomena impairing HLA class I-mediated antigen presentation in MSI colorectal cancers. We started from mutation data deposited in public databases of colorectal cancers characterized for their MSI status 21 and validated findings for specific mutations in tumor specimens from our own cohorts.
Results

Mutations of HLA class I-related genes in MSI cancer
In order to obtain a more complete picture of immune evasion mechanisms in MSI colorectal cancer, we gathered mutation data from the publicly available DFCI database using the cbioportal website. [21] [22] [23] Specifically, mutations of B2M, MHC class I heavy chain-encoding genes HLA-A, HLA-B, HLA-C were analyzed in 91 MSI colorectal adenocarcinoma samples. Data were complemented by mutation data for transporters of antigen presentation TAP1, TAP2 and the recently described transactivator of MHC class I genes NLRC5 (Table 1 , Fig. 1 ). In total, 66 (72%) out of 91 analyzed MSI colorectal cancer specimens displayed mutations in at least one of the components tested (Fig. 1,  Fig. 2 ). The most common alteration detected was mutations of the B2M gene, with a frequency of 28 (30.8%) of 91 tumors, 27 (96.4%) of those being protein-truncating and therefore of likely functional relevance. Mutations of the HLA-B heavy chain were the second most common alteration with 19 (20.9%) of 91 MSI cancers affected, followed by mutations of HLA-C and HLA-B, which were present in 9 (9.9%) and 8 (8.8%) of the tumors, respectively. Two-thirds of the identified HLA-A and HLA-B heavy chain mutations were truncating (18 out of 27), supporting their functional significance. In contrast, only one (11.1%) of the observed HLA-C mutations were truncating.
To evaluate further a possible functional role of the mutations affecting genes encoding components of HLA class I antigens, analysis of mutual exclusivity was performed. Mutual exclusivity was significant for B2M and HLA-B genes and cooccurence was observed for HLA-A and HLA-B; HLA-A and HLA-C; and HLA-B and HLA-C genes.
In addition to mutations predicted to directly alter HLA class I antigens, mutations interfering with the cellular antigen processing and presentation machinery were detected in the genes coding for TAP1 (12.1%) and TAP2 (5.5%). Moreover, we observed a surprisingly high number of mutations affecting the gene coding for the recently described HLA class I transactivator NLRC5 in 24 (26.4%) out of 91 MSI colorectal cancer. Although truncating mutations of the NLRC5 gene were only present in 6 (6.6%) of the tumors, this frequency was still higher than the frequency of truncating mutations in the TAP1 and TAP2 genes (3.3% each) previously described as mutant in MSI colorectal cancer. 24 Comparison of MSI and non-MSI colorectal cancer
In order to examine whether the high frequency of mutations affecting genes involved in cellular antigen processing and presentation detected in MSI colorectal cancer was specifically associated with the MSI phenotype, we compared mutation frequencies between MSI and non-MSI colorectal cancers. For all examined candidate genes, a significantly elevated mutation frequency was observed in MSI compared to non-MSI colorectal cancers ( Table 2) .
Consequences of NLRC5 mutations in MSI colorectal cancer samples
To further examine a potential functional role of NLRC5 mutations in MSI cancer, we examined the consequence of NLRC5 mutations in our own collection of MSI colorectal cancer specimens (n D 95).
We focused on potential mutational hot spots in the gene by screening for coding microsatellite sequences contained in the gene using www.seltarbase.org. 25 The detected cMS were evaluated for known somatic mutations using the COSMIC database, revealing a C6 coding microsatellite located in position 5057 to 5062 as a potential mutation hot spot.
Four (4.2%) out of 95 tumors displayed mutations affecting the C6 cMS located in the NLRC5 gene (Fig. 3) . Three identified mutations were one-basepair deletions (c.5062del) leading to a truncated NLRC5 protein; one mutation was a silent mutation within the C6 repeat (c.5058C>T, S1685S). Although in our own collection of tumors, which could be evaluated for B2M protein expression by immunohistochemistry, the tumors harboring NLRC5 frameshift mutations were B2M-positive, statistically significant evidence for mutual exclusivity was not reached in the DFCI cohort (log odds ratio -0.450, p D 0.283).
In order to evaluate the consequences of NLRC5 mutations on HLA class I antigen expression in MSI colorectal cancer, we performed staining of the respective tumors, Table 1 . Mutual exclusivity of HLA class I-related genes Log odds ratio shows how strongly presence or absence of alterations in gene A are related with presence or absence of alterations in gene B. Log odds ratio of more than 0 corresponds association towards co-occurrence, equals to or less than 0 corresponds mutual exclusivity; p < 0,05 is significant association. including metastases if available, for HLA class I heavy chains using the mouse monoclonal antibodies HC-10 (predominantly recognizing HLA-B and HLA-C) and HCA-2 (predominantly recognizing HLA-A). Representative staining results are displayed in Fig. 4 . Consistently, primary tumors and lymph node metastases harboring NLRC5 frameshift mutations displayed low levels of HLA class I antigen expression on the membrane (Fig. 4) , suggesting a potential functional significance of NLRC5 for HLA class I antigen expression in MSI colorectal cancer. In contrast, no reduction of HLA class I antigen expression was observed in the tumor harboring the c.5058C>T point mutation (Fig. 4) . Interestingly, one of the tumor samples displayed regional heterogeneity of HLA class I antigen expression, as visualized by HCA-2 staining (Fig. 5) . In order to evaluate a potential contribution of NLRC5 mutations on this regional diversity, regions with low and high HLA class I antigen expression levels were microdissected and evaluated for NLRC5 mutations separately. Remarkably, the NLRC5c.5062del frameshift mutation was only detectable in the region with low levels of HLA class I antigen expression, but absent in the region with high HLA class I antigen expression levels (Fig. 5 ).
Discussion
The enhanced immunogenicity of mismatch repair-deficient tumors has been shown in a variety of studies, and the direct link between the MSI phenotype and the high load of mutational neoantigens has been demonstrated (reviewed by ref. 3) . The initially high immunogenicity of developing MSI tumors most likely is the reason for immune evasion phenomena that are frequently detectable in manifest MSI colorectal cancers, 10 most commonly mediated by mutations of the B2M gene. Echterdiek 15 and Janikovits et al. 16 reported that B2M mutations are detected especially in the tumors where there is a strong immunoselection pressure due to highly activated immune Figure 1 . Mutations in HLA class I-related genes in MSI colorectal cancers from the DFCI cohort. 21 MSI colorectal cancers included in the DFCI cohort are numbered from 1 to 91, each mutation in the corresponding patient is shown by different colors that are indicated below the Fig.; darker colors display pathogenic mutations; whereas, lighter colors indicate mutations with unclear significance. Lack of mutations in the respective tumors and genes is displayed by gray color. Detailed information about the mutations can be found in Supplementary Table 1. microenvironment, underlining the concept of immuno-editing in MSI cancers.
Although several distinct mechanisms have been reported that can lead to an impairment of HLA class I-mediated antigen presentation in MSI cancers, in the majority of MSI cancers no alterations had been found that may explain immune evasion.
In the present study we therefore focused on a more comprehensive overview of potential HLA class I-related immune evasion mechanisms in MSI colorectal cancers. Screening the public DFCI database for somatic mutations in MSI colorectal cancer we detected B2M mutations in approximately 30% of the specimens. This frequency is in line with previous reports. 13, 26 Interestingly, mutations of the genes HLA-A, -B, and -C encoding HLA class I heavy chains were observed in 23 out of 91 MSI cancers. Most of the mutations affecting these genes were truncating mutations, suggesting that they lead to nonfunctional protein products. Mutations of HLA-A, -B, and -C were positively correlated (coefficients A vs B, B vs C, A vs C), and they occurred less frequently in tumors harboring B2M mutations, the negative correlation being significant for HLA-B and B2M mutations (Log odds ratio: -2,359, p D 0,005). These results strongly suggest that the observed mutations affecting HLA class I antigen components are in fact mediating immune evasion and reflecting immuno-selection. As B2M mutations lead to a complete breakdown of the HLA class I antigen expression on the surface of affected cells, additional mutations in HLA class I heavy chain-encoding genes would not provide the cells with evolutionary growth advantages mediated by lack of HLA class I antigens, which are anyway lost as a consequence of B2M inactivation. The significantly higher mutation frequencies in genes involved in HLA class I-mediated antigen presentation in MSI compared to non-MSI colorectal cancers provide further support of the hypothesis that MSI cancers undergo a process of immune selection. This concept is also in line with the observation that different MSI tumor types show distinct immune evasion patterns; for example, JAK1 mutations, which are comparatively rare in MSI colorectal cancer, are frequently observed in MSI endometrial cancer, likely reflecting distinct immune selection conditions. [27] [28] [29] The observation of several different mutations affecting genes involved in HLA class I-mediated antigen presentation also has clinical implications. It underlines that even mutations with a minor overall contribution can have significant effects on the potential responsiveness towards immune therapy. Clinical decision making will in the future have to account for the diverse mutational patterns in order to realize personalized, individual therapeutic concepts in the clinical setting.
These results also indirectly prove that MSI tumor development takes place in an environment, in which T cells, particularly CD8-positive T cells that can recognize HLA class I antigens on the tumor cell surface, are capable of controlling the outgrowth of HLA class I antigen-positive MSI cancer cells or even directly kill them. On the basis of this observation, potential tolerance mediated by recurrent stimulation with MSI-induced neoantigens, as discussed to occur in Lynch syndrome mutation carriers, 3 appears extremely unlikely. Therefore, Lynch syndrome seems to be in stark contrast to mouse models of colorectal cancer, 30 in which recurrent stimulation with neoplasia-specific antigens leads to the induction of humoral immune responses and tolerance. One potential explanation is that in the respective mouse model, tumor cells express only one dominant antigen (SV40 large T), whereas emerging MSI cancers can generate a broad variety of mutation-induced neoantigens, which potentially prevents immune tolerance. Further studies, particularly in mouse models of Lynch syndrome, are required to address this issue in more depth.
Besides mutations affecting HLA class I antigen-encoding genes, mutations of genes coding for proteins involved in cellular antigen processing were detected. In addition to mutations affecting transporters of antigen presentation TAP1 and TAP2 that had previously been described in MSI colorectal cancer, 4 mutations of the NOD-like receptor family CARD domain containing 5 (NLRC5) gene were detected in a subset of MSI colorectal cancers of the TCGA/DFCI databases. NLRC5 codes for an essential transactivator of HLA class I-related genes.
31
Nlrc5-deficient mice displayed severe loss of MHC class I and APM gene expression. [32] [33] [34] [35] [36] It has been shown that NLRC5 directly transactivates B2M, HLA A/B/C/D/E/F/G and TAP1. Therefore, any mutations in NLRC5 would plausibly result in defects of MHC class I presentation. Correspondingly, NLRC5 alterations including loss of function mutations, promoter hypermethylation and copy number loss are frequently observed in solid cancers. 38 So far, to the best of our knowledge, NLRC5 mutations had not been described in MSI cancers. We therefore evaluated potential functional consequences of NLRC5 mutations in archival tissue specimens of MSI colorectal cancer focusing on a C6 microsatellite in the coding region of the NLRC5 gene.
Most important evidence for a functional role of NLRC5 mutations in immune evasion of MSI colorectal cancer comes from three observations: (1) all tumors presenting with truncating NLRC5 mutations did not harbor B2M mutations and had retained B2M expression. Although the number of NLRC5-mutant tumors was too low to draw any definitive conclusions, the observation is compatible with the hypothesis that NLRC5 mutations only provide affected cells with a growth advantage if HLA class I antigen-mediated recognition of tumor cells by CD8-positive T cells was still functional before the NLRC5 mutation occurred. (2) NLRC5-mutant tumors all showed reduced HLA class I antigen expression, suggesting that NLRC5 inactivation leads to lower HLA class I-related gene expression, as described previously both in vitro 31 and in vivo. 32-36 (3) This hypothesis is strongly supported by our observation that partially reduced HLA class I antigen-expression co-localized with NLRC5 mutations.
Although we provide evidence that NLRC5 mutations can contribute to immune evasion of MSI cancers, the frequency of these mutations, compared to mutations of the B2M gene, is low. This may reflect that NLRC5 mutations in contrast to B2M mutations only lead to a partial loss of HLA class I-mediated antigen presentation, which is in line with the observation that we still can detect residual levels of HLA class I antigen expression in NLRC5-mutant MSI cancers. It has also been reported that unlike MHC class I deficiency, Nlrc5 knockout mice display a mosaic deficiency in MHC class I expression in different cells and tissues. 39 However, NLRC5 mutations were more frequent than the previously described mutations affecting APM componentencoding genes such as TAP1 and TAP2. 24 In summary, our results provide strong and additional support to the model that MSI cancers develop through a stringent process of immune selection. This is reflected by the fact that alterations affecting the HLA class I antigen processing and presentation pathway are detectable in more than two out of three MSI colorectal cancer lesions, with a high degree of mutual exclusivity. NLRC5 mutations likely represent a novel mechanism of immune evasion in B2M-wild type MSI colorectal cancers. Monitoring the broad variety of immune evasion phenomena typical of MSI cancers will be of particular importance to more precisely predict success or failure of immune checkpoint blockade in MSI cancer patients.
Materials and methods
Database search
The DFCI database 21 was used to determine mutation patterns of commonly mutated colon cancer genes APC and KRAS in MSI cancer samples (www.cbioportal.org, status: January 31 st , 2017). 22, 23 Namely, mutations of the genes encoding the HLA heavy chains HLA-A, HLA-B and HLA-C, the HLA class I light chain B2M, the transporters of antigen presentation TAP1 and TAP2, and the HLA class I transactivator NLRC5 were analyzed by filtering MSI cancers in the DFCI database. Analysis of mutual exclusivity and co-occurrence of the selected HLA class I-related genes was performed by cBioportal version 1.7.0.
Patients and tumor samples
The study examines two distinct collections of MSI colorectal cancers, first, samples from the publicly available DFCI database 21 (labeled from 01 to 91), and a collection of formalinfixed, paraffin-embedded tumor specimens obtained from the Department of Applied Tumor Biology, Institute of Pathology, University Hospital Heidelberg (labeled "HD" followed by a number). Tumors were collected in frame of the German HNPCC Consortium, the study was approved by the institutional Ethics Committee, and informed or written consent was obtained from all patients.
DNA isolation from FFPE tissues
Genomic tumor DNA was isolated from FFPE tissue blocks after manual microdissection to enrich the tumor cell content, or to separate tumor regions with low and high HLA class I antigen expression. DNA was isolated by QIAamp DNA FFPE tissue kit (56404; Qiagen) according to manufacturers protocol. Following DNA isolation, to measure the concentration and quality of DNA Nanodrop spectrophotometer(Nanodrop Technologies) was used.
Sequencing
Following DNA isolation, PCR amplification was performed using oligonucleotide primers specific for the amplification of B2M and a repetitive microsatellite region located in the NLRC5 gene. PCR samples were run on agarose gel to confirm the products and purified by QIAquick PCR purification kit (Qiagen, Hilden, Germany). Sanger sequencing was performed for B2M and NLRC5 coding regions as described previously 13 using the oligonucleotide primers listed in Table 3 . The products were visualized using an ABI prism 3130xl Genetic Analyzer (Applied Biosytems, Darmstadt, Germany), and sequence analysis was performed using the Sequencing Analysis Software v.6 (Applied Biosystems). Part of the B2M mutation data have been published previously. 15 Immunohistochemistry 2 mm FFPE tissue sections of tumor resection specimens were deparaffinized and rehydrated by xylene and sequential decreasing percentages of ethanol. Immunohistochemical staining was performed as described previously. 12 Following epitope retrieval using 10 mM of citric acid monohydrate solution, pH 6.0, in a microwave oven three times for 5 minutes at 560 W, endogenous peroxidase was quenched by 2% hydrogen peroxide solution. After blocking nonspecific binding by incubation of the slides with serum, tissue sections were incubated with the mouse monoclonal antibodies HCA-2 (AM33034PU-N; Acris) and HC-10 (AM33035PU-N; Acris) that recognize a variety of human HLA-A and HLA-B proteins, 40 both at a dilution of 1:150 at 4 C overnight. Next, secondary antibody biotin coupled horse anti-mouse IgG (1:100 dilution, BA2000; Vector) was applied on the slides and Vectastain Elite ABC kit (Vector) was used to amplify the signal. To develop the slides, liquid DAB and substrate chromogen system (K3468; Dako) was utilized. Hematoxylin/Eosin staining was used to counterstain the slides. The stained samples were visualized using an Olympus BX43 microscope and the cell^D software (version 2.6, Olympus, Duesseldorf, Germany). 
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